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ABSTRACT

Previoue hesat budget studies have not accoumtsd for ell
physical processes adequately due to lack of data, 7Ths avallablility
of new oceen and weather date made it desirable to recxamine the hemat
tudget of an ocean water cclum over a shert time interval, taking
into mccount more campletely than before the effects of all physical
processes which can be computed, Such & stuly is reparted hers, with
the view that a first step toward forecasting such changes is to
deternine which physical processes have important effects o the hsat
encrgy changes of an ocean water columm, Such a columm, fixed in
cpace, includes & changeable water mass extending from the ocean mrra-
face to & level of no thermal change with time,

Ths affects of sclar and back radiation, evaporation and
vertical edvection of the thermocline probably are important in
determining trends of heat energy change in such an ocean column.
Eorth Atlantic Ocean Weather Ship "C" data were studied for the
sutumn seasons of 1947, 1948 and 1949.

The unexplained residual change bshaves in a mznner sug-
gesting it may include effects of horizontal advection (not estimated
rs) as a large porticn, The residual elso includes all the errcr,
effects of smoothing data and inaccuraciecs of estimating methods,

A superposition of auccesscive weekly bethythermogreph

treces (PT's) indicates the trend of variztion in the arsa betwesn



the twe Bl''s is related te the axpluimed amount of therma] changs in
the ocean columm, The superposirg prooess .roweeent.s subtraction of
heat change scourring uniformly st all depths in the columm. Hence
such a subiraction could represent removal of a contritution to energy
change froem horizontel advectlonm,

A weather-ocean intsrection modsl is suggested by relation-
ships batween iime variaticn of ocean parameters and five.day mean
gea lsvel preasure patterns for the autwsm of 1948, Data from 1947
and 1949 suggest such patterns may persist for a ssason, but may vary
merkediy from year to yesar,

The heat gain of the ocean colurm for the 1948 eutumm
almost equalled the heat loss, thus achieving a nesr heat enerzy
belance, This suggests again that edvection of varmer water intc ths
eoluen has compeneated for the heat losses due to decreasing solar
and back radiation sand increasing evaporation as the seasocn progressed.
For 1947 and 1949 uwo such balance was attained, however,

The suggested ocean~weather relationships should be studied
wvithk nev data to establish possible forecasting techniques. Estimates
of the importance of horizontal sdvection in this problem ghould bs

malde gs sufficient data becoms available,



INTRODUCTION

The heat tdget for the earth's hydroephere has bteen
studied previously for liaited intervals of the tims zcale,
Sverdrup (1542), Jacobs (1951) and Cochrane (1950) made studiss of
seesconal ard smmual aversgs conditions, Bretachpeider {1952) and
Schule (1953) have considered the heat tudgot of an ocesn water
column over time intervals of ome week or less,

Sverdrup gives the heat belance for all ocean surfaces
between 70°N and 70°S for average conditions, as ccmputed by Mosby
{1936); of the total incoming radistion from sea and sky, 53% is
used for evaporation, 41% goes back to the atmosphere as long-wave
radistion from the sea surface, and 6% is conducted back to the
atnosphere as sersible heat, It is pointsd out that for specific
regions over short time intervals account must be made of toth the
heat transported into or out of the region by currents or mixing
and the heat used lccally to change the temperature of the water,

Jacobs examined the en¢rgy exchange between ocean znd
etmoephere due to sensible heat and ev&porétim. Computations were
Rade for the northern hemisphere ccesnic regions cn a seasonal and
annual basis, Consideration was not made of either the effsct of
long-wave radiation from the 6-~a surface, or the exchange tstween
ocean hezt energy and kinstle energy of current, wvave or tidal
motiona, Large veriations from the sessoral or anmual esverage
apounts are to te expected on an instenteseous besis, according
to Jacobs, Investigation of suck trief non-periodic fluctustions
in snergy exchange needs to bs smphasized in future work,
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On a smaller scale, both in time &nd space, Cochrane
gtudied the heat tudget of a water. cclumn located in the North
Pacifio Ocean (30° N, 140° W), A nearly belanced tudget resulted
for the coluzn over a time interval of three to four months,
Cochrane found that horizontal advection affecting the water column
can be a significant part of the heat i::udget below a depth of 200
feet during the months of June through Octoter.

Using a limited amount of data, Bretschneider medec a
study of deily heat balance for a water column in the North Atlantic
Ocean, The changez in structure from day %o day werc measured in a
hypothetical water column of unit cross-section; extending frca the
surface of the ocean throughout the depth of the mixed layer. Such
measm‘ementsv were necessarily of a "local" nature, measuring energy
changss of random water particles as they moved through the water
colwxmn, Consequently, the thermal considerations involved sdvective
effects,

The basic procedure vhich Bretschnsider employed will be
of interest ia the present stwdy. Bretschneider regarded total
energy change within the mixed layer as the sum cf components, each
of which is independently contrituted by a purticulsr physical process.
He dividsd Lolul emergy change into compoments contributed by r=4iia-
tion, evaporation, lateral advection and othsr physical processes as
shown in Table 1.

Flots of tempereture versus depth vere mada for a particular
time in the ocean by the tathythermograph (BT). On a single graph,

J A
&
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7 Total Heat Change
Depth, 2 Z’J
1," ,"’
I l\?__

Temperature, T —>

Bretachneider's Method of
Computing Total Heat Change

TABLE 1
Energy Changes from B'fl to BT2

LTOTAL =270 Ft-beg, Ft
RADIATION = 10 Ft-Deg. ¥
EVAPCRATICN = -60 Ft-Deg, ¥
ADVECTION = 20 Pt-Deg. F
OTHER = 300 Pt-Deg, F

70 Ft-Deg. F

one may then plot BT traces for the same locstion, but at two differ-

ent times, end obtain the arca enclosed tetween the two curves (zee
Figure 1), This area represents ths totsal change in thermal energy within

® Sees Appendix for discussion of unit "Ft-Deg, F.



the water present abtove the thermocline in a verticel colum at a
geographical locs ‘on during a day.

For the ssme time interval, Bretschneider devised methods
far computing the contributions to the total energy change due to
radiation, evsporation and lateral advection. m the basis of these
observations and computationa a heat btudget btalence was sought far
the vater column over time intervals of one day. However, it
appeared no balance was achieved between the contributions of the
processes Bretschneider studied for one-day intervsls during that
particular sutumn. This does not preciude ccnsideration for ionger
periods of time being éucceaaful, especially when accounting for
contritutions of physical factors which Bretschneider did not inciude.

Schule has considered the change in heat content =nd the re-
distritution of heat within the top 100 feet of a water columm, over
short time intervals. Actual radiation measurements wvere used. Ths
evaporation and molecular cornduction sxchange vwith the atmosphere
vere estinated through use of & single relationship developed by
Jacobs in 1942, derending or the windspeed and on diffsrences be-
tween ajr and ocean in temperature and vepor mressure, The report
inciuded estimates of internal waves at the thermoclime, A success-
ful trial forecast cf redistribution of nesat emergy change within the
column was made for a weei in advance, assuming perfect forecasts of
meteorological parameters affecting the thermal siructure.

Each of these contributions is important in the basic urder-
gtanding of ocean energy relstions, and hms provided information with-
in its psriicular sphere of ocesnic regien w@ tire intervel. Many

-6~



questions remein to be answered, however, concerning the behavier of
the ocean in the general aspects of both space and time. A dis-
cussion of a few of the unanswered questicns will illustrate the
complexity of the ocean healt balance problem,

The water columm under discussion is not a fixed mass of
water. The particles of water are in constant motion so that thsy
are piled vertically for only an instant within the chosen fixed
toundaries. Then, in response to the uniques history of forces
affecting it, sach particle moves away in its own direction to bte-
come a part of the mass in other water colums at lster times,

The heat energy changes within such a water column sre
influenced by several factors. Uhen the thermocline becomes shallce,
& large portion of the columm contains cold water; thus the warm
mixed layer contritutes relatively littlc to the heat energy of the
Solumn, a5 wue Luermocline deepens, the warm water of the mixed
layer plays a more prominent role in the total heat energy of the
water colum, In the first example, the heat energy of the water
colurm is low; in the second example, it is relatively high.

The effects of solar radiation, tack radiztion, evaporation,
conducticn and precipitaticn are imposed through the top of the water
column. Other factors which affect the heat energy of the column in-
clude conduction erd advection of energy lateraily through the water
column gides.

In this movirg mass of water, affected by so many outside
influences, it may be surprising if one can attain any heat energy
balance thet can be measured. Yhether or not such a btelance can be

-7-



attained depends largely on how accurately the effects of outside
influences can be cstimated, Tae spece and timn variation of these
influences, and the intardependence among them are important con-
siderations in this regard., If the spzce cr time variation of an
outside influence is small, then estimates obtained from deta ssmples
should aprroximate average conditinns., When the inflvences are rs-
lated to one another it i3 possible that an internal smoothing of
effects occurs so that the net resulting influence on the heat hudget
of a water column varies smoothly within a small range of values.
Such a smooth variation would materially sid in forecasting

the effects of such ocutside influences on the heat content of the

B on o & th-

CAmsv

i

water column, eventually leading to forecasting

thermal structure of the column,

It remains to be determined whether previous heat budget
studliss of Wic ocean nave provided evidence concerning variation
and Interdependence of outside influences which affect the ocean
heat energy.

The basic question before us may be stated:

Hhat is the dominant influence (or influences)

vhich affects the ocean heat energy changes at

a fixed location over a short time interval?

Cace this is answered, the problem of forecasting changes
in the influence, and hence in the ocean heat energy, may b= taken

up, If more than one influence appesrs to be important, knowledge



of relationships betwesn the influences mey aid the forecasting
aspacts of the problem,

When one examines the studiee above for an answer to the
tasic question, it sppears that much work remains to be done in this
regard, Sverdrup snd Jacobe used the conssrvation of energy princi-
ple in computing energy budgets for the oceans of the northern hemi-
sphere on an anmual basis, This in turn gives a check on seasonal
contritutions for total oceanic areas, Such dats, so well smoothed
in time and including all oceanic space within a hemisphere, should
indeed give a balanced heat tudget anmually, with the possible ex-
ception of that portion advected into the region from the southern
aemisphere., Small accelerations and time lags which could bhe impor-
tant terms in short term energy balance considerations are smoothed
to becaome negligib’~ quantities in annual considerations. Hence,
such annual heat budget considerations do not answer the question
posed by short term energy considerations,

Cochrane has chosen an area for study which apparently
lies within a horizontally homogenecus water mass, Thus advective
effacts on a water column are minimized, and the question remains
unanswered concerning a balanced heat budget within regiomns influ-
enced by advection.

Schule has been concerned with the redistriltution of heat
within the upper portions of & water column, which is vital of course
in direct forecasting epplications. The balance of a heat budget

for the water column was not directly attacked in this study,
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Bretschneider assumed a balanced budget existed within
the mixed layer of a water colum over a daily interval, and set
about to cvaluate the contributions of physicel processes related
to the heat content of the column. Each contribution wae estimated
from actual data and linesr a.ddition rovided en explained sum of
heat added or subirected from the water column each day, The re- |
mainder was evaluated between this explaired smount and the amount
of change actually observed, and the remainder was often of the
same arder as the totel heat change within the mixed layer. Fro=-
cesses other then those Bretschneider considered appesr to be
capable of affecting the heat content of a water columm, such as

T _ 3 o | o

stion. In addition, Leal crhanges do occur telow the

mixed layer depth (which is usually well above the depth of no
appreciable change with time) and these wvere neglected by Eret-
schneider.

None of the studies mentioned adequately determines the
influence having the most effect on ocean heat energy when dealing
wvith short time intervals and limited oceenic regions. To find
that dominant influence (or influences), an investigation seemed
warranted to consider the heat talence of a total ecolimm of ocesn
water for periods of a week ar iess, This investigation should be
made from new and comprehensive data end should include the effects
of all known physical processes which may bte estimated using the
best techriques evailahle.

- 10 -



The authors consequently have undertaken such a study,
using some modificetions of techniques suggested ir earlier studies,
as well as some techniques which are newly developed and not pre-

vicusly used in this menner. An sxtensive body of recent data has
been investigated.



HEAT BUDGET STUDY

The test station was chosen to be the one having available
the largest amount of simultanecus meteorological and oceanographic
data, This station is Weather Ship "C" located at 52945' Nerth
Latitude and 35030! West Longitude in the North Atlantic Ocean,
Data recards are available for most of the period 1947-49.

The study of the water column was made to include all

aprreciable thermal change wvith time: tha study thus extended to a
& & —_—t 7 v

depth of abcut 200 meters. In contrast to Bretschneider's techniqus,

e affact the haat

— ——

flustnationa of the tharmarline h

CPm——— e ——

dgat of the
total column, The interval between observed thermal structures was
chosen as seven days., Five-day moving average traces were used to
obtain curves having "conservetive" characteristics through elimi-

nation of the apparently random fluctuations occurring in very shart

timo Intervals,” Sdnse the soeen thermal siructins spparasntily pose
sesses ralatively few anomolous features during the sutummn zeason
at middle latitudes compared with other seasons of the year, this
study was confined to the autumm season.

It is realized that boundary influences (wind, sunshine;
atmospheric pressure, etc, ) which affect the heat content of a water
eolumn are dependent upon cme another, possibly to the extemt thst
computzaticns would never account far such dependence, Havever, the
resuiting physical mrocesses (i.e., advectiom, conduction, radiatiom,

etc, ) make independent contritutions to the water columm heat chenge

-12 -



Adopting a technique similar to that used by Bretschneider,
the effects of the known physical processes which can be evaluated
were summed for each week. Then & residual unexplained heat change
was evaluated by finding the difference between actual observed heat
change and the amount explained by lmown physicsl mrocesses. This
residual representy the effects of all unevaluated physical orocesses.
accelerations, the sumed error in all evaluations and the effects
which enter from the nature of the computing process, In particulsar,

PUoL-line ghRLes - -~ N e e —

smoothing observed BT cirves introduces effects from mdary influ.
>

thysical processes. While
there is little evidence at present to indicate thet sizable erraor

is being introduced through this smoothing process., With the reser-
vailon tnat the eftect of smoothing deserves additional attention at
4 later time, it has bsen assumed negligible for the purposes of this
study,  An exemination of the bshavicr of this residual amount may
offer suggested aenswers to the questiocn posed above,

The focus of such data analysis should be toward usefulness
in farecasting the thermal structure of the ocean. Whether or not
the ocean atisins & heal balance which can be computed is informaticn
useful in short range ocean forecasting problems., Any inferred re-
laticnships between the boundary influences likewise is useful. Any
nev informstion regerding the manner in vhich the cesern functions, or
nov relationships between the perameters which may be detected will

aid in this objective,



For the heat budget study, a relationship was used of
the form:

A = Ag +Ag+ Ag +Ap + Ap.

Ap 38 the total heat change in the water colum during the
selected tims interval for this study, one week,

Ag is the heating in the column due to sclar radiation,
computed on an average besis,

Ap is back radiation from the top surface of the water
column to the atmosphere and space,

Ap is the cooling of the column due to evaporation of water
from the colum's top surface,

Ap 1s dynamic adjustment of the thermocline in respoase to
changes in atmospheric wind shear above the colum (a function of air
pressure distribution).

Ap is the unexplained residual amount of heat change, Sample

£ &L

camputations of each of these components are given in the Appendix,
There are other factors which were not considered specifi-
cally in previcus heat btudget estimates which deserve mentiom. The
addition of water to the surface of the column as precipitation changes
the total msse of ths column, and the average precipitation for this
station is about 40 inches per year (see Plate IX Harrwitz and mustin).
As a first approximation assume half of this gmount falls in the esutusm
season; then 20/90 inch (or 0.5 cm) per day would fall; for seven days

this would amount to about 4 em, If this added precipitation is at



20°C, then 80 gm-cal./week would be added, distributed over sbout 200
feet of water in the mixed layer, Then approximately 0.8 fi-deg. F
would be added per week under these maximum conditions. Compared
with solar radiation amounts of 50 to 160 ft-deg. F and back radis.
tion amounts of 14 to 33 ﬁ-deg. F, the amount of heat energy trans-
ferred by precipitation is negligible,

Conduction of heat from the ocean surface to the atmosphere
was assumed to te 6% of the total amovat on a yearly besis by Mosby
(see above). Bowen Ratio estimates for the ocean are about 0,10 on
the average (Sverdrup, 1942, quotes Angstrom, 1920), indicating that
energy conducted to the atmosphere represents about 10% of the energy
used in the form of eveapcraticn fraa the ocean surface, Such an
estimate then would give 3 to 25 ft-deg, F psr week, Thus heat con-
duction from the ocean surface would also be a negligible amount in
comparison with the other large amounts involved., Energy amounts
due to precipitation and conduction from the ocean surface probably
lie within the magnitude of error involved in estimating the energy
amounts resulting fram other processes,

Non-advective latersl transfer of energy from the water
colwvm into adjacent water camnol be estimated wvithout s depzs not-
vork of data, Lacking these data, such energy transfer will be
included in the residual, Ap, the energy change umexplained by the
variocus physical processes. In addition to these contributions, the
residual term will also include the effects of horizontal advection of
heat energy, which cannot be satisfactorily estimatad with present deste,

-15 -



DISCUSSIN (F THE COMPCRENTS

Ay: The Total Tharmal Chenge

~ S

The totszl thermsl change of 2 water coclumm witnia a seven~
day period wes measurcd in the following weays BT traces were ploited
on greph paper for the end points of the time intervel, The arse
enclosed between the two curves, {raa the ocean surface to the depth
where the curves coincided and remained together, (or to a maximm -
depth of 200 meters in case coincidence was not attained) wvas mea-
sured by planimeter and recorded in ft-daog., F of thermal energy
change per seven days, Note this procedure varies from that of

cline, Careful checks of this meesurement were mads, with strict
limits on acceptable tolerance of variation in successive measure-
ments of the area (see Appendix). Thia procedure was carried out
for five-day moving average BT curves centered on the end days of
the iuterval, The resulting areas (in ft-deg. F) are recorded in
column 8 of Tables 4, 5 and 6,

A3z: The Average Seasonal Chenge in Solar Radiation

The average seasonal change in solar radiastion mimus an
average albedo amount of 42% has been estimated far our station from
data given by Fritz (1951)., Ths figwrs of 42% albedo was chosen for
use with the recervation that any one albedo constant does not repre-
sent the effect of veriable cloudiness on solar radintion reflection
over short periods of time,
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Frits (1951) suggests an albedo of 35% as an average amount
of solar reflection from the earth, assuming a nml sloud cover of
54% for all regions. The Atlas of Climatic Charts of the Oceens
(1938) shows an average cloudiness of 7/10 coversge of predcminantly
middle and low clouds dwring the autumn season at Station "C",
Assuming that the albedo is a function of cloudiness alone (this is
aimost correct, accarding to Fritz) then

Dx3s = 455
which is nearly equivalent to the albedo figure chosen above, The
agreement would be exact if the cloudiness were 65% rather than 70%
coverage, The albedo figure which has long been used for the earth
1s 528, |

The solar radiation amounts computed thus have been checked
vith ssseomal end wesrls radiotion welnes givem by Bemuwmt (1020) amd
lendsterg (1945) and all the estimates agree resscnably well (see
Figurc 2)., Bretschneider estimated approximately the same average
net radiation. The grarh showing the variation of solar radiation in
ft—deé. F §s given in Figure 2, Values of solar radiation for each

time interval are shown in column 2 of Tables 4, 5 and 6,

ABs The Effective Back Eadiastion from the Ocean Surfacs

o— esm—

The effective back radiation from the ocean surface repre=
sents the difference betwsen the long-wave radistion going out from
the ocean surface and the long-wave radistion recsived back from the

atmosphere, Sverdrup (1942) has rrepared a graph to estimate this
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redistion as a function of relative humidity and coesan surfsoe tem~
paratures eccarding to yesults of Angstrom in 1920, Average values
of ocean surface temperatures and relative hmmidities were computed
for sach of ths periocds irvolved, These wsre used to enter Table 25
of Sverdrup (vhich assumes clear skies) for estimates of effective
beck rediation, Q,, for the various periods. Sverdrup (1942, p. 113)
notss if the sky ia completely covered hy altcstrztus clouds, ths
sbove camputad values of radiation (Q,) are reduced to 4/10 Q,, while
for a strsto-cumlus overcast the figures are reduced to 1/10 Q.
Prom The Atlss of Climatic Charts of the Ocesps (charts 70,7%,78,82,
86,90,94) these two types of clouds predominate at the "C" Statiom
loostion in the sutumn but cnly up to 7/10 coverags rather than overe
cast, A fector of 3/10 Q, ssemed a reascmable value to use to account
for average cloud conditiona # The »22udiS &S Sucwa in columm 3 Of

Tebles 4, 5 and 5,

Ag: Tbe Evaporation from the Ocean Surface

Jacots {1951) has developed a method which estimates
evaporation emounts frow synoptic weather observations, The theo-
retical approach used by Montgomery emd others in the stude of

* This does not account for back radistion in a complete manner,
A 3tudy is plenned vhich will account for daily cloudiness vari-
ation in estimating beck radiation smounts, inscfer as prasemt -
infarmation regarding relations of cloud thickness, height, type,
et zount o back radiation will permit.
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dirfusion of water vapor has been incorporated into a formuls using
readily availgble weather data:

2 = 2.8 2200 (Nig,me, W, +3.5 Mo, o, Jin g/t

N represents the fraction of hydredynamically smeoth wind
observations with windspeeds of 6.5 m/sec. or leds, (w,); M repre-
sents the fraction of hydrodynerically rough wind observations taksn
with vindspeeds greater than 6.5 m/sec., (w,); e, represents vapor
pressure at the water surface and ep remresents the vepor pressure at
the height o_f vind measurement., The bars denote average quantities
over the time interval involved, By the use of appropriate conver-
sion factars® this transforms into:
e 3 ~
Ap = -0,5058 a;‘l (o= eg g+ 3.5 g:(e,,- e, :nmft-i-gzg;v:lfu
Az = energy used for evaporation from the wvatsr column far

thr time interwsl
1+3 = totel cheervations for the interval,

The usual time interval used is seven days. Values of Ar were com-
puted for each interval and are shown in columm 4 of Tables 4, 5 and 6.

Bret;sclmamer used Dalton's eveporaticn aquation with
constants as evalusted by Mmk in 1947 (see Bretschneider, 1952, p, 9).
Bis equation is similar to th® pasic equation of Montgomery, which
has bosn modified by Jacobs to the form vsed in this study., The
weekly values of &g presented here are of the same magnitude or smaller

thean EBretschneideris dsily values,
* See camputstion of Ap, Appendix,
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For comparison purposes, the Lake Hefner empirical
evaporation equation from Russel (1952) was used to estimate

evaporation amounts, es shown below,

The Lake Hefner equation is surprisingly simple in forms

E

6.25 x 1074 ug (89 og)

svaporation in cm/3 hours
windspeed in knots at eight msters height

{» g =
"

(]

® wadtar vansw vmasarwma at tha swafana
ey - - - - & CAr

eg = water vapor pressure at eight meters height

bancs A = 0.72 % (G {sg-eg)]

vwhere A} is evaporation in ft-deg. F/week; u is in lmots; e, and
08111 inches of mercury and Z is mmber of thres-hourly observa-
tions per week,

It is evident that application of the Lake Hafner equa-

ol e A AL . - s —emem L B - dabo e ol

ticn 1o Ube ocoan may U ih 56rious &TOr when one considers the
envirommental contrast of Lake Hefner in (Ciklahama to the open
Atlantic Oceen.

Table 2 shows = comperison of svaporation smounts compu-
ted by the Jacobs and by the Leke Hafner formulass



Dato
1947
Septe 1. 7
8-1;
15-21
22-28
29-0ct, 5
6-12
22-28
29-Nov, 3
6-12
TOTALS
lus
sept. 6-12
13-19
20-26
27-Cev. 3
4-10
11-17
18-2/
2531
NOV. 2- 7
7-13
14-20
21-27
28230
TOTALS
1949
Sept. 1- 7
8-10
17-23
24-30
Oct, 1-7
8-13
Fov, 9-15
16-18
23-29
TOTALS

TABLE 2

Evaporation Amourt Estimates

8

Jacobs
Ft-Deg. F

- 50

~119

-2
- 68
~145
- 93
=145
-171

_?5

~103
=260
-163
-7

Ty -

a4

-153
-7
=149
=102
- 57

=142
- 27
- 18
- 63
- 25
-107
~-123
~110
- 35

650

>
- Lake Hefner
Ft-Deg., F

-25
- 55
- 42
- 16
-33
- 61
-4
- 68

= "
= iip

=415

- 17
-37

- 68
-112
- 68

- R
-7
-33
-6
=43
- 27
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Ay mgﬁ Ihermocline Depth in Respopge to

The change of ths thermocline depth in responsze to atmos-
pheric uﬂmes (1.e., vind stress) will alsc affect the heat
tudget of a water column, Vertical advectiom of deaper water occurs
which compensates mass changes due to horisontal advection processes
in the upper layers,

Several unreported msthods have bteen trisd to estimate such
thermocline changes, Eerlier methods attempted to use changes in
at.n;.n.-p‘e..-;ic pressurs, as well a5 estimales of the piling-up of upper
wvater by the wind to estimate thermocline change; but these gave
results which seemed erratic and arbitrery. The following develop-
ment by Freeman (1953) relates thermocline adjustment to atmospheric
influences,

The effect of wind stress produces e net horizontal
transport of mass within the aixed layer of the ocean, Such mass
transpart has regioas of divergence and convergence where the thermo-
¢line adjusts to sccommodate the mass fluctuation. The thermocline
depth change i3 conssquently a function of the horizontal mass
transpart divergence, hence it is a function of the curl of the wind
streas under such circumstances,

The following essumptions enter into the development of
the expressicn bslow:

2) no large change of surface water lavel occurs in

reeponse to mass chenges within thes mixed layer;

.



or
-

no significant motion cecurs below the mixed layer (all
msasuratle mass trmport socurs vithin the mixed layer);

c) complets volume compensation ocours; deep layer move-
mants sre slovw; ' '

4) complete pressure compensatisn ocours tg thermocline
ad justaent. ;

6) the rate of time change in the flow is slow end motion
appears to depsnd primarily on wind streeces, pressure
forces and Coriolis forces,

These assumptions appear io te compatible wiih otserved ocean conditions.

Freeman shows that such assumptions lead to the relation

5 r a . N\~ NA
-_—l L e ((=tX LB
ot - P'f( ox b!)
vhere H = mix»d layer depth

T & time

p' = density of salt water

P B B VB mmmmmandeman

& = wim Akl PO GBS WOL

“Yx,Cy = wind stress per unit area on ocesn surface in x and ¥

directions respectively,
The thermal chenge associszted with this is given by

b9 = ke (Tgp- Toom)n xT

uherevhx'Z = horizontal curl of wind stress per unit area of
- ocasn surface

Tigp = averags tempsrature of the mixed layer
Tacam = tempsraturs at 200 mster depth,



The curl of the wind stress at the cceen surfuce may be
expressed in terss of the space charge in atacspheris horiszontel
ressure gradients, and the equation becoszss

Ap = 0,14152 x 10%° [_&ﬂ%g)‘ '(%l%@%ixn'*mw
vhare %grepmmu the ocesn level atmospheric pressure gradient

et points Amsigadu%%%%kﬁﬁﬁﬁt,fﬁﬁ&
tively, along the pressure gradient through the station, The notation
ebove is used to preserve algetraic sign in components A and B, The -
e=cunts far Ap are shown in column 5 of Tables 4, 5 end 6, No esti-
mate of this effect has been included in any previous heat budget

adrde
> w—_"

E’ m&ming+fg+lg+i)

P comproisan purposes, Wm oum of (ig + Ag + Ap + Ap)

wvas computed for each time interval. These values are showm in
column 6 of Tables i. 5 and 4.

A?z The Residual

The change vhich iz unexpleined above i3 showm for each
woskly period in column 7 of Table= L, § end &,

Upon exsmining the megnitude and weristion of the wveckly
residual amounte, it wes sean that these amounts often carresnondad
well vith thes obeerved total heat change within the water colusm,
In fect, the total change sgreed more often with {bs resfdual then
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vith the net expiained chanse (see Talles 4, 5 and 6). While this

is pertinent to our basic questions posed above, it dos: mot indicate
successful forecasting of changss in total heat content bLased an the
usual metsarological and coeanographic parameters vhick affsct the
phiysical processes,

A8 an attempt to improve the forecasting possibilities, it
seemsd desirable to investigate methcds whith might eliminate the
large residual end still be capable of physical interpretation, One
such method was chosen to be included in this report, If the shape
of successive BT trsces varied only e small amount, ther =moving one
curve parallsl to the abscissa into a "best-fit" supsrposition over

e anmnend DP coneala 1--% amVer bha wanléblan amall 2L,
AP OCWWRL ML WAL AYGAY w ] ‘"u'q CEREd W ddd A B R

T e omam
W VWAl

the curves to be explained. The additica or subtraction of a constent
amount of energy st all levels (i.s., the "best-fit" process) during
the time interval possihly could result from that pert of horisontal
sdvection: whick occurs uniferzly at all levels,* Since total harizon~
tal advection is an ocean procesz vwhich eventually is capsble of being
forecasted and is independent of other physical procesacs affecting
the thermsl structure, such a "best-fit" technique could be usefunl,
This "best-fit" method thus would allcw sffort to be con-
centrated on forecasting the changes in the shape of thermsl structure
of the BT, by use of a simple procedurs which is capable of physical

interpretation.

#* That component of horisontel sdvection vhich is unsguzlly distributed
with depth should act to change the shape of the BT,
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A;,: "Bsat-Fit" Total Thermal Change

This procedure was used to evaluate a new total heat change
(A}) betwsen the "best-fit" positions of BT treces. over the weekly
intervals studied above, and these sre listed in colusm 10 of Tsbles

4, 5 and 6,

Al: Ths Rssidusl from Ai.
—

The ANET was subtracted from A.} to obtain A;. This quantity
is thus similsr to the residual A'P previcusly computed, Velues of A;
ere shown in columm 9 of Tables 4, 5 and 6,



DISCUSSION

From the date in Tables 4, 5, and 6 we may prepare plots of
the reported average quantities with time (figa. 7-15).

Such a procedure implies that the averages are continmuous
functicns of tims and this may be questioned quits justifiebly, With
wever, such plots may serve 2= indicators of

relationships existing between the various quantities over the particu-
lzr time intervals for which the averages apply.

Net Amount of Explained Heat Changes
The fluctuations of the net amount of explained heat con-

merd M e e oo o

d heavily on variations in the

contritutions from evaporation, %, end the dynanic term, A The

D
quasi-constant effects of solar radiation, AS, and back radiation, L,B.
are imposed on thess variatioms,

It should be remembtered that the constancy of AS is to be
expected, considering the: sverage computations on which thess values
depend (see Figure 3 and the Appendix). Ag may vary sctuelly more than
is suspected now; it probably contritutes more to the variation in
heat content of the watar column than is indicsted bare. Only symoptin
radiation measurements during a study such as this will mrovids &
Detter estimate of actual conditions (Schule had available this type
of data).

w28 .



However, the constant nature of &p 1s not necessarily anti-
cipated from its method of computation (see Appendix). It depends on
the naturs of the variables from which it is computed, ocean surface
temperature and relative humidity atove the ocean surface; both were
computed from observed synoptic conditions during the study. From
our resuits it appsars that these variables fluctuate only a small amount,
at least over weekly intervals during suturm for this particular location.

Relation of ANE'I‘ to Al

For the autwm season of 1948, the trend of the "best-fit¥
total heat change, A.i., curve usually agrees with the trend of ths total
explainsd heal change, Aycm, (see Figure 11). For only two short inter-
vals (23-30 September and 27 Uctober-5 November) the trends do not
correspond. However, the magnitude of A‘m cannot be trought into
coincidence with the magnitude of A—{, by sny simple adjustment proco-
dure applied throughout the season., Nevertheless, considering the
significance of the trend agreement could be useful in owr overall
problem,

The agreemeat in trends probably indicstes that consideration
of the primery factors influencing Ai has been made in the estimats of
Myep. If eadvection effects as discussed below were incorporated, A, ..
and Al'. perhaps would reach near-agreement in magnitude as well as the
observed trend agreemsnt., This would not epply, necsssarily, to 1947
end 1949 data where the trend reletionships ars obscure.



The lack of magnitude agreement in such trend relatioas
could arise from summing sstimstes each of which only approximates
the eontribution from a significant physical process affecting the
heat energy changs of a water columm, Methods of computing such
estimates for this study would permit both positive and nsgative
dsviations from the "true™ contribution, and hence AHE'I‘ could vary
from under to overestimating the observed "btest-fit" heat change.

That contritution from horizontal advection which is non-
uniform with depth has not been estimated in the A!!E'l‘ amount. Such
advection certainly must occur in the ocean, and would cffer a possibles

explanation for some of the observed differences tetween A4 snd Awpw.

aAvadd

Relation -of ANEI" -Ai f f";

In Figures 8, 11 and 14 are shown the distribution of A{';
AI" and ANET with time, The features of these distributions will be
discussed and tentative explanations will bte offered to account for
them. 1in a Jater section the relation will bs shown between these
"best-fit" parameters and the total parameters, Ap end Ap.

The sgreement between variations in A_I’. and l;. is striking.
Such agreement is an argument against having attained a measurable
heat balance in the water colusm using the methods of thia studr,
elthough trend relationshipes between A4 and ‘mr suggest most of the
{mportant physical processes affecting the heat htudget have been con-
sidered in these estimates for 1948. It appears that succsssful methods
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residusl term Al'> vhich is done in a later discuzsien.
feature of the gravhe = thatudoncyofﬁmtq

change converssly to AI" for certain time intervels (see sl of Septem=
ber, € October~l0 November, 25-30 November 1948; 20 September-1l
October 1949). The only relation between this tendency and othsr
graph features apparently is that the A{, line orcsses the ‘?'NET line
near the tine vhen A, returns to sero., See 19-21 September, 9-10
Ortober, 27-29 October 1948, as illustrations of this tendency.

This invokes core interesting thoughts regarding a check
and balance system vhich could be operating in the ccean under direct
influence of changing weather regimes, Thess asv¢ Incorporated in a

model situation to be described presently.

-

Peloticn of Ape 4o Almwspieric Change
—

AD is directly determined by the atmospheric inflvence on
the water column, and in its own way reflects the veather pattern
existing above the ocean surface, A period when ‘D is zsro is likely
to indicate an vmsettled time when ths weather is changing from one
given pattern tc anocther (for exanple, a change from hish ¢o low index
in the westerlies telt). It may not be mere coincidence that the fius-
mtimexhibitedtvﬁm,grmﬁqmsmﬂsrmmmmw
iive=dey zonal index fluctuations of the atmosphere observed in the
vesterlies region. The potentialities of such a relation for fore-

casting ussfulness are enormcus, if such a ralstion can be shoum,
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Undeuttediy the suggestions from these data ought to be further checked
in detail with a visyv toward forecasting application, It appears that
e system operating as descrited helow rould provide a poesibie explans-
tion of the observed varistion of Ao, Al and Al ‘

Sugrested Ocean-Atnesphere Relationshins

The problsm tefore us is to suggest ressons for the ohmerved
tehavier of Aypp and A} for long intervels of the 1948 autumm data,
Perhaps a lorical set of relationships btetween these parameters may
te developed throvgh a discussion of ocesn-atmosphers interactioms.

AX!ET decreases rarkedly vhen strong inds and air colder
than the ocean remove heat from the 'ater coluwrm through strong evapora-

tion. An urward shift of the thermocline (negative AD) sirulianecusiy

removes heat, Why then shovld A.i increass during this period, as obssrved?
TEs AL Fise could e Gue to umisually strong herizontal ode
vection in the ocean surface layers. Such adveection would be associated
vith prolonged southerly winda on the sast sids of the moaz 16w wecswre
over the region (associated vith the negative Apl. Such strong winds
could act to tring a vmrm edldy of the Horth .tlantis Drift into the
region,¥
"r then decreases marledly to large negative values, possitly
dus to winds rringing in tonpuves of cold East Greenland veater. These

" -3 & b, mmmen Voo AL IMA B B ... & E LX)
novth winde would ozl 25 thc msan 10w shillea sasiiiaa over e

% The station location is affected by the North Atlantic Drifs,

=322



region. During this period the mean low center hwas been near the
station and AD has made e negriive contribution to the total heat
content,
Howvever, continued eastward novement of the mesn lov pressure
allows a mean high nressure ridge to occupy the studied region. This
pernits AD to tecore zero or positive with the dinminishing -,:ﬁsaur—s
fradient, and Ay becomes small with decreasing vinds. Hence ‘,'HET 2
becomes a positive amoumt. A'l" tends to follov the trend of Aypm in
the ebsence of alnormal advective influence, which would then remain
as a small negative contribtution to the heat content until another
region of mean lov pressure roves into the region with its stnormally
strong war;g vrater advection.

The veriction in processes visualized thus would depend
uron the mean westher pattern for a given szason. The msan wveather
patterns, in turn, change in a mamer which is fairly reguler for cer-
tain years, 2nd highly irregular during others, This peculiarity
may prcvide an expleanation for the variation occurring vhsn comparing
date for a given season during different yeers, as is discussed later.

It is now in order to investigate how well the actual date
of Figures £, 11 snd 14 correspond with postulsted ocean-atmosrhare
relations. Referring tc mean five-dsy rressurs charts prepared by
the Veather Bureau for the sutumn of 1948 (data not shown) some tenta-
tive verification was indicated for processes suggested abore,

A cycls begap with comparztively stable, caim conditions,
spparently sround O September 1948 (Figure 11), Por about & week Aé
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vas determined by AR!.T to a largs extent. and A_g, hovered nesr ssro.
For this particular season Am appeersd to depend heewily on 45
(Figure 10). 4p in turn wae a function of changing atmospheric condi-
tions, indicated by the changes in five-day mean atmeephsric pressurs
maps over the water column region (dats from the Weather Bureeu not
shown)., Now a mean low pressure system began tc move into the regiem
from the west on atout 15 September. AD changed in g negative dirse-
tion due to the change in pressure gradient, ANET responded in turn,
and ﬁ.l‘. followed along. At a later date, om 30 Sentember, it is
reasonsble to postulate thzs iLe strong winds associated with the low
Fressure area increased the evaporation to such an extent that it
then btecams the observed major factor in determining Aﬂﬂ.. This strong
svaporation persisted and intensified in the region, perhaps due to
the temperatur-e contrast between cold air and relatively warm sez
even thoush the wind. which Wrought in tha eoldar atr from the north
ves then diminishing and A, was decreasing. The evaporation then
decreased tovard zero (beginning 7 Octobsr or so) as the c¢old air mass
sssumed the character of the warmer ocean surface beneath it. With
‘D alreedy decreasing towasrd zero, the low moved on eastward and was
replaced by a ridge of high pressure possessing a camller pressure
gradient and less changs in pressure gradient; Ag then decreased and
Ape returned toward zers. Ap became & positive contribution in a
=23gs of Ligh prefsure, wita reiatively lov evaporation due to lighter

winds and the modified character of ths 2ir mass, (n 21 October
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the cycle above apparently began again with & new low moving rapidly
over the region and persisting, tringing strong winds and a new cold
air mass over the water columm.

Checking of extensive data and muach more verifization of
such tendencies will bte necsasary to determins the validity of such
relationships, of courze, HNevertheiess, the intsgration of the ccean-
gumoopheric physical processes in such & model may be of interest to
others,

Compering the fluctuations of Aypp with the fluctuations of

Ap, the total observed chemge of heat content within the column during
weekly intervals,* it is seen that the magnitudes bardly ever agree.
This could te due to several cemses, It could mean that the weekly
intervals vhich vere used do not correspond to the "natural® time
interval ovsr which the ocesn smooths incoming influences to achisve
sny halmmend heat todont vhich may eviet. Tt aonld mesn thet the
available technigues for estimating effects of evaporation, beck
radiation, etc.. are inadequate. While the latter may comtribute te
the lack of agreement to some extent, it probebly is not z major item
in the discrepency.

Ancther possitle reason for the lack of agreemsnt may ba the
neglact of phiysical processes o which dats or technigues for messur-
ing do not exist. Such neglected processes may inciude the addition

® A fev of the intervals are for periods of less tha: scven day=.
These are indicated by * on the graph.



of weter to the column in the form of precipitation snd the corduction
of heat laterally from the column by eddy motions. as discussed esrlier,
The herizontal advection pro;:eaa should be discussed here as
well, for it is one of the important processes of heat trancfer within
fluids and has not been measured in this study due to lack of suitable
data. In atmospheric motions horizontal advectiisn plays an importent

role at nany lavale There 19 no reassn &

ole le, There ne reason to bslisve it i3 not important
in the ocean as well, btut the necessery current and synoptic tempsra-
ture data have not been taksn to permit actual computation of this
term directly, The technique used by Bretachneider involved an es-
timate of the surface current due to the wind,* vhich vas assumsd to
advect the mean isotherm pattern for the particular month involved.
Tais procedure vermits computation of a vaiue, but it remains to be
showm that such & valus can be given a physical interpretation. In
all likelihood, the actual surface advection over a dailyr ar wealkly
interval has little corresnondence with such a2 computed value, A
completely unanswered question remains concerning horizontal advection
into the water column below surface levels,

In Cochrane's study. he has chosen an ares vhere the cocesn

is almost horizontally uniform ixn the upper layars of the ocean,

» - (3

%- Q-%(smmp, 1942, p. 494) uas used where C is the speed
] sin ¢

of the ocean surface current and T & tha =nead of ths wind, I

was assumed C moved 33° to the right of U,



In spite of the choice of lecaticn Cochrane finds that horisontal
advection at layers well below the ocean surface is important during
parts of the year. The method of camputing such advection is not
presented, but it may be thet the residual in Cochrane's heat budget
study was assumed due to horizontal sdvection. Such deep advection
effects also may be the result of variation within internal waves at the
thermocline due to changes either in amplitude or pericd,

In studiss on a hemispheric scale the prcblem of advection
in the horizontal is 1imited to estimates of infiow across the equa-
torial oceans; in overall energy considerations such as those of Sver.
drup and Jacobs, the contribution of such advection is assiumed small,

Schule does not evaluate a horizontal advection term in his
study  although recognizing the factor as having significance.

The "best-Tit" process of obtaining A.E would eliminats those
energy change effacts vhich are uniformly distritrted with derth
Those effects which are irregular in depth distribution, such as a
greatly increased ocean surface advective warming (or cooling), or
the advection of a deeper (or shellower) thermocline, would not be
excluded by the A,.:. matching procedure.

The variation of Al

P
the variation of Ap im in good accord with variations in edvection

includes such irregularities, and since

postulated above, borizcntal advection may possibly provide a signi-
ficent part of AI', It should bte recalled from previous discussions



that Al" alse contains all effects due to the smoothing of data,
errors ir estimetion, and effects dus to other uncalculated physical
Frocesses as well,

The relation of 4 to Al nov may te discussed;’ A, reflects
4

the effect of all temperature change occizring throughsut the colum
depth. To the effect of irregularly distribtuted vertical variation of
heat change as depicted by Al',, the quantity (AT-I\i) may be added to
represent the effacta of heat change which is uniform with depth
occurring in a water column during a particular time interval,

AP would have 2 relation to A}‘, corresponding to that between
AT and A.;: (ccmpare in Tables 4, 5 and 6), The variation of AT‘ AP and
Aypp for the three seasons studied is shown in Figures 9, 12 and 15.

Porecasting relations mist deal eventually with Ar and ‘P’
of course, It is suggested frcm these data, however, that variations
of a paramester stand out more clearly in en intermediate stesce of
relationship, such as the one s-own by Al and &} in the "best-fit"

process,

Summery of the Model

It eppears that the Aypp term {depending mainly on evapora-
tion and the Amemic effest of atoosphoric weather) acts o provide
compensation in the ocean when A} swings toward an unusually high ar low
value, From the above discussion. it apnaars that Al', maw ba Inflvesncsd
largely by borizontal advective processes vhich are irregularly dis-
trituted with depth, Such advection could be possible through strong



winds persisting at the surface tor a prolonged interval (vhen signi-
ficantly different water masses, i.e,, the Culf Stream or the East
Greenland Current, are near), or through a mean change in the ampli-
tude of internal waves at the thermocline., The "cross-overs" (i.e.,
points 1, 2 and 3)
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mx7 be related to changes in general weather regime indicated by Ap
becaming zero. A,i', then follows a course which integrates the effects
of the variations in ‘“m-:r and A.l',. The absolute value of A,i, depends on
the positions of AE'ET and Al’, relative to the zero value on the chart,
The above discussion depends heavily on relationships for
1948, vhen the most complete data were available for this study. It
appears that the data for 1949 displayed some of these features btut
not as extensively, Relationships for 1947 differed from those
of 1948 in most of the limited number of intervals studied. It would
=preer that rslaticastip palierns may be set up and followed in a

particular year, tut in a succeeding year a different relationship is
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established, An enalogous situation is the rscurrence of certain
weather "situations™ in a region for & particular season, tut with

quits a different pattern of recurrence happening from year to ysar.

Seasopal Total of Paramsters

0Of interesi in relation to previous studies, the sessonal
total of each parameter may be formed as the sum of individual weekly
totals, These totals may then be compared 'to dstermine il a balance
exists in the heat tudget of a water column on a seasonal basis, In
1948 it appears as if a near-balance is achieved for the gutumn seascns
In 1947 there was a net gain in heat. whila in 19.Q there was 2 largs
net loss, for the entire season.

These total changes for each season wers mescured Y olstiing
the first and last BT's of each season on a graph and measuring the
area between the curves. This 1s a procedure similar to that used

in ohtaining &ho USKly Ay, vaiues, The resulting curves are shown in

Figures 4, 5 and 6.

350 feet in depth. A corresponding relation betusen 15.
does rot appear (see Figure 3).

For the entire auturn season of 1948, the evaporation and
dynamic process amounts (AE’ AD) combine to give a large negative total
contritution., The slight positive observed total (AT) is not in the

40 =



direction to be expected, considering that the summer oceans cool with
the casst of winter; there appeers to bs a large positive or warming
region below the thermocline which mere than compensates mixed layer
cooling for the season, This is also true for 1947.

The total change dus to other causes (Ap) is positive and
of the same order of magnitude as the incoming radiation amount {Ag)
and the evsporation amount (Ap); it is about 75% of the Ap amcunt frem

one particular period, from 20-26 September 1948, %

) "‘L? 45 o
B ‘ ' S R )
s
9974 ~ 1942
S U ST Rl
16 g -
Depth
(Feet)
A0 = e mm .
300 + -
F005 & e ==
(Autuzn) Seasonal Averaze Temperature, ©F
For ®C" Stetion, North Atlantic Ccean
FIGIRE 3

This case has Loon coimplelely invesiligaled as o validity of daiaj
it appsars that a complete and radicsl change in water mass occurred
at the station, reaching all depths dewn to 450 feet.
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The quantitiss of heat remcved by evaporation computed by
the two evaporation formulas ars otvisusiy well correlsted (see Tahle
2), The agreement of the magnitudes is slightly better than would be
expected n-eni a comparison of the constant factors in the two comput-
ing equations (those of Jacobs' formula would indicate a maximum
possible deviation of about 2.42 timee from the Lake Hefner results).

TABLE 3

Comparison of Lake Eefner Formula,
Jacobs' Formula and Total Ap

o402 AT Hefner Jacobs
s b thy b +hy
in ft-deg. F 107 98 854

1 ]
ﬁ AL + AL AL +A1
-851 877 =91

It is of interest to note in the sessonal totals of heat
change that hoth Ap and A} agree reasonably well with the respective
summed quantities of Ap + Ap and A} + Ay for 1948 (see Table 3), when
the Lake Hefner evaporation formila is used for computing
changes in A, affect A! and AP). If the residual terms were found
to be related to horizontal advection, the sum of Ap + Ay would repre-
sent total or three-dimensional advection in & sense, The forecasting
possibilities of such a relationship tetween total advection and total
heat chapge make it highly desirable to investigate this aspect further
at some later tims,
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Measuring the area between the first and last BT for sach
seascn in one opesretion gives a more accurate determinetion of the
total heat energy change than does the sum of the seven-day A, smounts,
However, oniy in the year having continuous data® does the sum of the
Lr'a for seven-day periods permit comparison to a season-long A‘l‘ measure-
ment, In 1948, the seasonal AT amount a= determined from Tigure 5 is
-2 ft-deg. F, vheareas the geascnal Ap emownt obtained by summing the

seven-dey amounts is 107 ft-deg. F.

® Data for 1547 and 1949 are discontinuous due to either missing
~etsorolo~ical or FT otservations,



CQICLUSIONS

1. There is good agreemsnt between the tronds of the "best-
£it" total, A,},md the explained, Am, heat changes in many cuee.
studied, The magnitudes end the "periodicity" of the two changes are
comparable, Such trend agreement suggesis that most processes affect-
ing heat energy change in a wster colum pr«_:bably have been included in
the estimsted ccatributions.

2. The net variation in heat content within a water column
explained by physical processes (solar radiation, back radiation,
evaporation, Freeman's dynamic effect) for which estimates or date
are available, Ampm, appears to depend largely on heat change dus to

evaporation, Ay, and the dynemic effect, A,. Which factor predominates
is apparently reieted tc the msan weether situation over the surface,
in a manner to be detsrmined.

3. The technique of moving successive five-dsw meen BF
traces horizontally into a "best-fit" rosition allows the variation
to bo mora easily related between totzl heat change, A:, net heat
change explained, Aygr,and the resicual amount, Ap.

4. 1t 14 suggested that the assunt of hsat subiracted by
such a "best-£it” process may be due to that eomponant of $ctal bhori-
sontal advection vhich scts umifcrmly at ali Jevels. This does not
preclude that part of horizontal advection which is unevenly



distrituted with depth from previding & pertion of AL, the wnexplzained
residual remaining after the "tost-fit" procedurs,

5. The total emount of heat change zfter the "best-fit"
procedure (A,é), Agp and &Y (see 3) appear to be related on time sequence
charts in a check and balance fashion. When Am departs epmracisbly
from zero Ai" tends to move in a direction to cppose this tsndency
during much of the tims studied, Each quantity fluctuates in both
the positive and negative sense about zero. A.i. integrsties ths two
Influences, and varies in magnitude dererding on the positions of
Aypr and A} reiative to zero,

6. The time vhen Aypr and A} "cross-over" eppears related
to the time vhen Ay is zero, for much of the dsta ;resented. This
"ercss-over” :lndicz'ntes the time when Ai',, having acted in a negative sense
on lg;,, begins acting positively as compared with the effect of A___ .,

7. & b 2%V ;.J”J--'l rslat:..-hip 15 cossulated bei :

such bshavior of oceanic parameters snd changes in the mean atmosphwric
pressure pattern over the area. This relationship needs verification
from independent data,

8, It is suggested that recurrence patlerns persisting for

t
at 1east s season may exist in the ocean heat changes. bt these nattemns

sppear to change fron year to year,



9. No heat balance is demonstrsted to exist in ths ocemm
on a weekly basis trom data pressnted here., If horizontal advection
processes could be estimeted, the balance possibly could be atteined,
although the importance of dats smoothing affects or unknown phyaisal
procees offects is not to be minimized, On a seasonal basis it
appeers that a nea.r-;balance is attained for ons of the three seasons
etudied (1948).

10, There are indicaticns from the variations in parsmeters
reported here that temperature nay very significantly in the horison-
tal as well as clear demonstrations of temperature variation in the
vertical and in time, Whethsr or not ocsan currents and other physical
features of the ocesn demonstrate this same tendency is not indicated.

ii. Tnere are intiicatipna of interdependence of the boundary
influences (note conclusions 5 and 6) which appear to act as a check
and balance system on the change in heat content of the water columm.
Such indications require further investigation,
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RECCGRFNDATIONS F(R FUTIRE STUDY

1. A serious lack of data now exists for computing horison-
tal advection in the cocean. All possitble effort should be exerted to
ascure &d;quate ses temperatures and velocities on & synoptis basis to
provide this need.

2. An analyeia similar to this repcrted one should be made
incorporating effects of measured horizontal asdvection end measured
solar radiation. The remaining residual then should indicate ths comput-
ing error, lag effects and adequacy of estimating the effects of phyeil
_ processes., |

3. Apperent relations between atmospheric perameters, such
as the zonsl indices and variation in Ag..., A} and AL should be in-

vestigated with a view toward developing forecasting techniques.
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Time
Fatezval
Dates

A Sept, 1-7
B Sspt, 814
C Sept, 15-21
E 5, 29-0ct.5
F Oct, 6<12
G Oct, 22-28
B 0,2%=Nov, 3
I Fov. 6-12

TABLE 4

Energy Balance Sheet
At "C" Station
For Autvmm, 1947

[+ 2

2 3 4 5

A3 A ag B Ngp

7

Ap

(411 Values in Ft-Deg, F)

162 - 31 - 50 81
149 - 32 -119 - 2
137 =« 32 =7 32
12/, =31 -2 72
97 =26 -~8 3
87 - 27 =145 - 85
65 ~ 27 -3 - 55
57 =28 =145 -116
5 « 32 a7 =147
93, <266 -884 =216
Ap +Ap = 959

Ay +A) = 662

.&Tsmsw(mzzamtsf)

- 50 -

9
<148
-127
- 98
-7
L
166
108

a9

- ——

959

Ay

ap

=95
170
-113
-8
- 3
-178
=7
- 22

— R

10

A

66
=172

_110
—aip

= 175 ft-deg, F



TABLE 5

Energy Balance Shest
At "C" Station
For Autuzm, 1948

1 2 3 4 5 6 7 8 9 10
Time

el Ak g Ay Am A b 4 A

Datez
{a11 Values in Fi-deg. F)

A Sept, 6-12 152 =26 =35 - TR 19 -39 - 37 1 20
B Sept, 13-19 1,0 -32 =63 16 6l-113- 32 -25 36
C Sept. 20-26 128 =~ 30 =29 =125 =56 1720 1664 -2, - 80
D 8,27-0ct. 3 117 =32 -103 -110 =128 19 68 174, 46
E Oct, 4-10 104 =32 =260 - 35 =225 1i7 - 106 <103 =325
FOct, 11-17 93 =32 =163 126 2} - 416 - 392 -140 -116
GOct, 18-2, 8 =32 -7 130 109 -255-146 -126 =16
HOct, 25-31 71 =32 -208 25 -l44 251 107 -118 -263
INov, 2-7 54 =27 =158 =i =307 =359 =000 240 - 70
JHov, T=i3 54 -31 -7 -4 -93 8- 7 115 22
KBw, 14~20 46 « 24 =149 =45 -172 -327 -499 35 -137
L Fov. 21 42 -3 -1 «63 =155 431 2% 1M1 17
M¥Bov, 2830 18 =1, -57 -28 -8 317 23 108 28
TOTAL 1101 =376 <1472 =399 -1l46 1253 107 308 -838

by +Ap = 854

Ap + AIE. =91

1

Mp gpasog (18t BT = last BT) = -2 ft-deg. ¥



TABLE 6

Energy Balance Sheet
At "C" Station
Far Autumn, 1949

1l 2 3 4 5 6 7 8 9 10

Time , e
mm%%%“nﬁm%‘?‘i‘i
(A11 Values in Ft-Deg. F)
ASept. 1-7 162 -31 -li2 =64 =75 =380 -455 138 63
B Sept. 810 65 -13 -27 -131 -106 138 32 100 - 6
C Sept. 17-23 134 =32 =18 =23 61 =199 =i38 =64 - 3
DSept, 24-30 121 =32 =63 =52 =26 8 55 4 =22
EQt, 1-7 109 =31 =25 53 292 345 -109 - 56
FOct. 813 8L - 27 107 -50 911 &6l 2, =26
G Nov, 915 52 =33 -123 10, 22 -8 39 -65
H Fov. 16-18 20 =14 =110 2104 - 35 =139 <167 -271
IBv, 2329 42 =33 -35 -2 30 4 -132 -158
TOTALS 785 246 =650 -27C =377 850 483 187 54
Ay+ A, = 590
Ay + AL = 437
A smises (1t BT - last BT) = 435 regeg, ¢

T
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APPEEDIX

It is desirable to convert 411 snergy axcunts into a
comaon unit which mey be used to compare the amcunte of anersy
received through the varicus physicsl processes. The unit of foot=-
degrees Fahrenheit (fi~deg. P) represents the enmorgy necsssary tc
raise the temperature of a column of water one square cm ia cross-
section and one foot long by cne degrec Felrembeit. This is used
as the standard smergy unit. Ths system is chosen bsscauss Bathy-
thermcgraph readings are reported in units of degrees F and fest.

_ Computation of A, is shown for the period 2-7 November
1948 at Station "C", in Pigure 16. The twe curves of Figure 1§
are drava to significant temperature and depth points, listed be-
low, for the second and seventh of Hovember, respectively. ZEach
point represents a five-day rumning mean centered on ths second
and uventh of Hovember, These points are & follows:
"fs £ surface temperature
'1‘100 T temperature at 100 feet
TZCO 8 tempsrature at 200 feet
Tysp = temperature at 350 feat
Yy s depth of top of thermocline
ML = mixed layer depth
MID=2 = depth to temperature 2° lowsr than that at MID



Dys Doy Dy, stos = depth from the surfacs {o wpter
tomperatures 1, 2, 4, oto. degreas
lownr than th: surijee water.

A1} of these quantiiziee\\am discussed in Techmical Heport

Mo. 1 of this projest (see references), excspt the quantity TD,

The thermocline dspth ia represented by this designation,
TD, and it of ten is synoncmous with the MID. A distinction is mede
between the two items, hovever, when considering the permanence and
prominence of the TD as compared with MID, While the BT trace mey
show several zmall "steps" in the upper regions, each of which is
~ classed as an MLD,* the marked boundary between the regicnz of these
soall MLD's and the colder lower water is a fairly prominent slope
discontinuity which is mc’A more conservative in nature tham 5
small step MID's. This prominent, quasi-conservative feature is
labeled as the thermocline depth, 70,

The area between the tuc zuccessive curves (including an
extension of each frum 400' to 656' and 41°F) was measured by means
of a planizeter. In ths chosen example (Pigure 1), thes area be-
tween the second and seventh of November 1948 wzs -5.16 square
inchsz., In order to interpret this ares, it was then converted
into ft-deg. F (the coordinates of the bathythermosraz), On the
scale which was used for plotting, ome squars inch equals 129,03
ft-deg. P; thus for the period 2-7 Hovember 19/2:

* Excopt for bhis intermal wave discussion, it is tiis typs of MID
wiich Schule calls ths thsraccline,

i1
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M z =5.16 x 126,03 5 «665.8 ft-deg. F
The minus sign is used to indicste loss of thermal emergy bty the
water column durinx the pariod.

Since the BT measures temperature to a depth of only 450
fest, the problem of changes in heat content below 450 feet erises.
In the case of five-day running mean cusvss as 41lustrated in FPigurs
16, no values below 400 feet were obtained, .

Sverdrup (1942) notes:* "In the Kuroshio region where the
velocity of the current is great and the turhtulence correspondingly
intense, the anmual variation of temperature tecomes perceptible to

depth of aboul 300 meters, Lut im the Bay of Biscey it is very

EI‘

emall at 100 meters. It can therefore safely be concluded that below a

AL e .

depth of 300 =sters the ivhe ocean is notl subject o any

= . -
WO VIL WA SV B CTLA R VIO wu.xptu uw.uv UL

annual variation., Since the station being studied is neither in

the main current of the Gulf Stream System nor in a gquiat bey, it seems
reasonable to assume 200 meters as the depth of no significent

change in tempersture. A value of 5°C or 41°F has been taken from
Chart IV of Sverdrup as the average 200 meter temperature at Station "C¥,
I cases vhere the BT curves coincide, it iz assumed there was no
temperature change below the depth of coincidexnce. In cases such as

VL oanan VL
H

156, where curves are separated at 400 feet, straighv lines

tl

vere draun from the temperatures at 400 feet to a point at 41°7 at

® *The Cceans", page 137,

iv



AR fast  onf tha ares of the resulting triangle wss sdded 1o the
area sbove 400 feat to obtain Ay for the paricd.

The planimster messuremen’s wers w until thres
moasuraents of thems;reas agreed within 0.Q4 of a equare ivch.
These three measuremente wore then averaged to obtain the total
used for the study.

A} is the area enclcsed botuwsen two successive BT traces
when placed in a "best-fit" position. In Figurs 16, the 7 Hovember
1648 curve is translated to the position shown by the dgshed lins,
end the area Al is indiceted Dy the hatched lines. This area is
=70 ft-deg. ¥, contrasted with the corresponding Ar ares of -566
ft-deg. F.

Solar Rqdietion

Ag 1s used to designate the solar radistion received at
tha ncean surfase in wmids of f£L-dog, P over & given Liaow iotervai.
Tie Figure 3 given by Fritz (1951) reproduces List's walues of solar
radiation reaching the outside of the atmosphere as functions of
latitude and time. For example, on 1 September the figure is en-
tered af latitude 52°45' morth and the valus 700 langleys/dsy
(gm~cal/caP-day) is read. Subtmecting 42% for aibedo lesves 406
lengleys/day. This C.G.S. value may be expressed in terms of ft-deg. F,
for eevem days, &8s

406:-3%:%;:7 = 168 ft-deg, F/7 days.

1-8 = °F/°C
30,48 ca = 1 foot



Similer computations ware psrformed for the bLeginning apd middle
dsys of each month; with the values 'entered on a graph as showz in
Figure 2. The value of Ag for any ssven-day period may thus be read
by entering the graph cn the middie day of the interval desired.

For any interval of less than seven _days, prorating wes dons. For
example, the valus for a five-day interval is takem g8 5/7 the
appropriate graph values. Those velues were checked with averege
values given by Landsberg in the Eandbook of Mstecrology (1945) and
by Brunt (1939); all estimates agree es to order of megnitudu.

Back Radistion
Sverdrup (1942) gives a method for estimating back radi-

ation from the ocean as a function of ocean surface temmerature

-~
il 9

)
end relative mmidity of the air just above the ocean. Since air
temperatures (T), and deupoint temperatures (T4) were recorded for
wWiree=uouriy intervals during the period studied, dalily averages of
these quantitlies were used to estimate the relative jdity and
the back radiation.

The procedure followed in computing telative midities
is 11Justrated in the following example, For 1 Sepiember 1949, when

, vmz 479P, the Smitheondan
Tables were entered with these temperature values amnd the respective
saturation values of water vavor pressure were read (0.4007 and
0.3240 in.Hg). The reiative humidity is computed from the ratio

of those values:



€a 0.32

f;;xlm = ' x 100 = 80,9%

09,3240
0,4007
The above procedurs was followsd for each day; averages cof ths dailly
relative humidities and Tg were mace over cack tims interval (usually
seven days). Thus for 1.7 September 1949 the average relative bumi-
dity was 86%, and ths average Tg wes 539F. Entering Figure 25, p.
111, 4n Sverdrup (1942) the value far Q, is read, 0,175 gon-cel/cm2-min,
0.3 Q, is 0.0525. When this is multiplied by the mmber of minutes
in a week and converted into the standard energy unit of this study,

we have

p = -0.052513%%3 7x2,x60 = -31,2 ft-deg. F
Foonaration

prhf=3a,010 e

The equation for evaporstion used by Montgomery is s=imilar
to equations for vertical flux of momentum and thermal emergy:
E = pK, ‘b’a \“’a (qy=2a) ¥a
where E is evaporstion in gu/c-ssc.
P 4s demsity of air = 1.25 x 106 gn/cn3
Ko 18 von Karman's Constant = 0,4
¥, 1s resistance coefficient = 0,03
s 15 evaporation coefficient = 0,085
qy 18 saturation specific humidity of sea surface, Tg

aa is specific mmidity in air at smemometar heioht

Wy is wind speed at height a



Rew (q,~q,) can be approximated W% (e, ~8,) vhare
e, and o, ere the naturst.im vaper pressure of the ocsan surface sud
vapor pressure of the molsture in the air. respectively: e ia e
function of Tg, and e, is a function of T,.

Evaporation cen thersfore te expressed as E = C (o, -e,)u
where ¢ = pKy 0% My = 2.8 x 10~° for hydrodynemically smooth
flow of wind over water, For hydrodynamicslly rough flow the above
constant is multiplied by a factor of 3.5. This resuite in Jacobs?
farmmls fo_r evaporations

E = 28x 10"6__!8(9“- °a) v, +3.5 H(og= ey) %ﬁ:\‘o

Modifying Jacobe' Formula: The products (e,-e,) w for the "smooth"

wind ouservalions were summad separately fram the "rough® wind obser—
vations each day; conversion factors to transfarm the computed smewvat

into ft-deg. F were included; the final comverted fam of lthe farmmiz is:

i 3 »)
Ap mC i!(e -aa)-..-8+3i5i:€a.'.-e_._)%)
vhere C = 33,8 x%z%x51.45x5852303 12.8110'6 = 0,5053

(e,- ©,) inches of Hg; one inch Hg = 33,86 md
v in knots, one knot = 51.48 cm/sec,

Hours per day
.234 = = — = factor converting to
Observations per day 3 abicn/interval
585 = gm-cal, of hest/gm of ocean water

1.80F = 19C
30,48 cm = ones foot

viii



Exsmple of Ap Computstion: In arder to evaluate the terms of the

final avaporation formula discussed above, iU was macussary ¢o obtain
the T, Tg, v and Tg observations {or imlervals spaced as ciosely to- -
gother as possible, Ths weathsr ships make observatioms every three

houreg, so this times intarval wvas used,

TABIE 7

Computations of Evaporation Perameters
For 1 Septembsr 1949

Tinme T Tg T3 e, e, o, V (o ~eg v
7} (%7} (%7} (" He) (" Be) (% Hg) Eea.
00302 51.5 54 47.8 0.3339 0.4203 0.0884 2, 2.0736
03302 51.0 53 50,6 0,578 0.4052 0.,0344 24 0.825%
63Ca 51,0 53  49.2 0,3519 0.4052 U.05553 24 1.2792
09302 52.0 53 46.2 0,314, 0.,4052 0.0908 28 2,542,
12302 54.5 53 43.5 0.,2836 0,4052 0,1216 2, 2,9184
15302 55.1 53 47.1 0,3252 O0.4052 0,0800 28 2.2400
18302 5.0 53 48.5 0,3428 0.4052 G.0624 30 1.8720
21302 52.5 53 447 O. 0.4052 0,108, 31 3.3573
17.1&5

Legond: T i3 swface air temperature
Tg ;la surface ocean temperature
&, is surface air vapor pressure
&, is ocean surface vapor pressure

¥ is windspsed &t ememomater level

Since all eight mroducts involve windspecds above 6,5 m/sec
(13 knots ), all products are added to obtain & "rouzh® evaporstiem
g
fact(!.‘, z (ew" ea)” = 17.1—10
1l



This procedure is followed for each dxy in the ssven-day
poriod being studied, The resulting "smooth" and "rough" evaporation
factors are the follcwing:

TABLE 8

Summing Smooth and
Rough Wind Parameters

Date " Snooth® "Rough"
1 Sept. 1949 -0 17.11
2 Sept. 1949 0 25,
3 Sept. 1949 0 16.49
4 Sept. 1949 G 17.69
5 Sept. 1949 3.26 0.68
6 Sept. 1949 0.40 1.43
7 Sept. 1949 0 o
3.66 5.1

The "smooth" factor sum plus 3,5 times the "rough® factor sum are
added together:

44 0 29

2 L 2 £ - an Ln
20N T Jel A (T Al ¢\

- e ]
e &\ie LJ

e
Thie amount represents the tracketed part of the formula for A?_z

1 3
Ay = -0.5058[3 (ey~ea g + 3.5 i: (e, e_,)u:l.
D

Then ths total evaporation in ft-deg. F for the period iss
A = =0.5058 x 281.60 = 142,43 ft-deg. F per 7T-day perisd,

% When the product (ey- e,)w is negative, as occasionaily happens, an
evaporation facter of zero is teken; the negative terms obviously
do not contribute heat to the water columm,



Comparison Betwéen A, Computaticns Using Jacobs® Formula and Using

the Lake Hefner Farmula: The Lake Hafner study gives evaporatiom,

E'in om/3 hrs. as folliows:

E' = 6,25 x 107% u (s,~e,)
vhere e, and e, are in millibars and ¢ is in lmots,

To obtain A} in ft-deg. F per three hours, uhere e, and ey
are in inches of Hg, snd u is in knots, the cmatgnt in the above
egquetion may be multiplied by tha nmumber of millibars in one inch of
Hg, latent heat of vaporization in calories, degrees F per degree C

- - oy k-]
end faet par cm, Thus A! in ft-dsg, P ;

.
i

-
.

B
5
=
:
:

or in LCOR.. 0 A = _3,7312 I | (- 8q) M}
uhere Zis the mumber of tbree-hourly cbservations per week, Making
use of the example of the previocus paragraph to cumpute the seven-day
Aé bty the Lake Hefner formula, it is necestsry canly to sum all of the
three-hourly (ev- ea) u products for the pericd 1-7 September 1949
and multiply by 0.7312, Since there is no distinction aade herc be-
tween "smooth"™ snd "rough" flow, the totals of these two columms in
Table 2 may be added to give a total (euo 63)“ of 83,07, Then for
}~7 September 1949

A, = <0.7312 x 83,07 = -60,74 ft-deg. ¥

the period

a5 compared with AE s «1L2..3 ft-dec. P

e -

A]'3 in Teble 2 was computed in this manmer,



Dmegic Effegh
Using Freeman's equaticn for change in thermocline depth
with time,

) é'zg R
2t 5%?‘ ( dx 0¥ )
the thermal enmergy change associated with this would be given by

h o= 5k (% - Tho) vy x 2

wers v, <= o x glo[() ), ()2))/ .

Then the seven-day value comverted to ft-deg., F is :

AD-s x[%l%l);‘(ﬁlgn B] T E-"mnTm]'

= [—e 1 Le| 0
vhere K = p'p2£316.048x105xm13%:-13] 0.1L152x101

Pt = density of ccesn water, 1,025 gn/cm

P density of air, 1.25 x 1076 gn/cn’

f = coriolis perameter; at 520/5'N, 1.162 x 10™% sec~!
¢ = stress coefficient, 3.2 x 1076 gm/cm *

bp = 3,219 x 107 = 200 nautical miles

~acn -8

6.048 x 107 = number of seconds in seven days
8

—1:8 = coanversion fram cam-deg. C to ft-deg, F

30.48

% Sverdrup (1942), vage 494.



The guantity Aégis masured at points A and B ot a distance
%!i to the left and right of the station on a line perpendicular to
the surface isobers through the station (see Figure 17). Tygp can s
rep'aaented\ivy the ocean surfecs tempereture ca the middle day of the
period and Topgy is abtout 59C (the average temperature at 200 msters
depth far this statiom).

The surface isobars are usuaily not straigh%; and do not
have unifarm curvature, This mekes it difficult ¢to pick a straight
line perpendicular to the isobars, It was decided, therefare, to.
dray Q sot of E=3, E-W rectangular coordinates through the statiom

and peasure the components of 22 on both axes (see Figure 18),

T, 22 (1) Likes the form
EAnIAn'J A “(anidnijB |
{7 A Aoy /A i Aem \ IA_.éE.\ . FAm ‘A--\ﬁ
a1 22l) o -( 22 &) s HEZ 1551 o /221 2| pl 10 viich
/ N Y/ NV Al ) Rl |
the éi.fference(% ‘%DA -(%g ‘%ﬁ DB refresents 49X, and

d ]
(‘%Iﬂi c_(%'%; F repmsentag ot Tt will be assumed
that transport by wind takes placs in the mixed layer (at 90° to

the right of the wind direction); and that the surfsce isobars remro-

aawd -ﬁ!n- -r‘nﬂ Admanrdlrn an Ldnldn 4--41 b d Ohn Manen Ae ot T4 s bha
W Aadt At WY

=214 heh AR CAtD  AAEAL ot i WY AU b L Ve g AW wilki WO wwu

that water trensport is directed copposite to the atmospheric pres-

sura gradient.. Por tha prezenrs digtribitics indicstad in Ploara

18, the transport would be directed as shoun by the vectors st A,

&

% 1/An hns beon incinded 4in K,
xiis
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Atzospheric Frassure Gredisnt Mezsurement

FIGUAR 17

105

N
Resoluticn of Atmospheric Pressure Gradient iamto Componmnte
FISHE 18

xiy



B, C @d D, Brisging veter into the cclwm aids heat viile telkisg

cut vater subbracts heat, To calsulats Ay, the veeters ust be given

the aigns shown in Figure 18, Thus if Figwre 18 is wead ¢z & model,

end the pressurs graiients at A, B, C end D mre coasidered positiwe,

the 8ign of cach quemtdty 421 4ms nay be dotermized inie
An iz} 4,B,C or D

pendsntly in any given case,

wgﬂmuum cmtienoflnfctbamioﬁb—S

September 1949, st "C* using five-day meszn sea level preszure zsp for

3.7 September 1949.

§

f
-]

>
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—

FIGURE 19

Surface Isoters on U.S.W.B, Five-Day Mean
Surface Chert for 4~8 September 1949



Distances An (200 Feutical miles) are 1294 ant o the sxee
through Station "C® (see Pigurs 15) and Ap (in ab) 1s meesure? over
the distencos 240, 280, 200 end 2D0 aud entered in colsams 1, 2, 3
and 4 in Tehle O, &sbp’scethendiﬁadhjbnandmltipligby
10% (scaversica of zb to C.G.S. vnite); sack quotient meltiplisd by
its own ebeclute value, preserving the sign, and eatersd in columms
5, 6, 7 and 8 of Table 9, The signs of the terms are dsterminsd by
refrrence to the model, MEnter ﬁgm‘m?themareﬁm 5, 6,
7 and 8, This is the totel volume tramsport. Multiply each tern in
eolnm9timxsndm1nso1m10;mmain301m10§w
mltiplied by (Tg- To,) found in column 11 to give the finel quantity
lnincclt-;flz.

IE1E 9

Comprtation of Vertical
Adwection Paramsters

1949 1 2 3 4 5 6
am ARy AR APy (& An‘) 5D\ p
Ca e e D,
b‘e &wo "'007 -108 'I&ee "3.8 “O.“‘B 0-312,’
x10~8 x 10~8
1949 7 8 9 10 1 12

fa}

BV (R R)pom Aife Tolpo by
48 Sept. -1.544C 1.3935 O0.1149 1.6 6.6 10,73

x10-8 z108 ;108

xvi



&ince the pariods of the five-doy meen sss lewml resSurs RENS were
not tie s¥ae ax thuse into whish e BT dxta were dividsd, e &
results were nlottad on s time graph and walves of Ay than dsternined

for tha parieds of BT dats,
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